Abstract-A Permalloy (Py) thin film enabled tunable 3-D solenoid inductor is designed and fabricated. The special configuration of magnetic core is discussed and by selectively patterning Py thin film, the proposed tunable inductor can work at frequency up to several GHz range. The inductance of the solenoid inductor can be electrically tuned by dc current and the tunability is above 10%. Utilizing the implemented Py enabled tunable solenoid inductor and Lead Zirconate Titanate thin film enabled metal-insulator-metal capacitor, a compact fully electrically tunable lumped elements phase shifter is achieved. The tunable phase shifter has both inductive and capacitive tunability and the dual tunability significantly improves the tuning range and design flexibility. Moreover, the dual tunability is able to retain the equivalent characteristic impedance of the device in the process of the phase being tuned. The phase of the device can be tuned by fully electrical methods and when dc current and dc voltage are provided, the length normalized phase tunability is up to 210°/cm. Index Terms-Dual tunability, lead zirconate titanate (PZT), permalloy (Py), phase shifter, solenoid inductor.
I. INTRODUCTION
T HE wireless communication market has been growing faster and faster in recent years, and the demand for supporting multiband and standards is ever-increasing. To achieve multifunctional and frequency-agile systems for modern and next generation wireless applications, compact tunable devices are pivotal. Tunable inductors and tunable phase shifters are among all kinds of tunable devices and have found widespread use in reconfigurable radios. For example, tunable inductors are extensively utilized to realize adaptive inductive power supply and voltage-controlled oscillators [1] , [2] , while tunable phase shifter is the key component to achieve reconfigurable phased array antennas [3] .
To improve the inductance density and achieve tunability of inductors, many technologies have been developed. For example, multiferroic composite materials are employed in [4] and [5] . The inductance can be tuned by applying dc voltage due to magnetoelectric coupling effect. Another attractive method is directly utilizing ferromagnetic materials as magnetic core to implement tunable solenoid inductors [6] - [8] . The permeability of ferromagnetic materials are high and can be tuned by providing biasing magnetic field. However, due to the low ferromagnetic resonance (FMR) frequency of bulk ferromagnetic cores, the inductance rolls off rapidly when the operating frequency is approaching FMR frequency, resulting in the working frequency of those implementations lower than 1 GHz.
For the tunable phase shifter design, ferromagnetic and ferrite materials are widely used to achieve the tunability [9] , [10] , and the ferromagnetic materials are utilized as substrate or part of substrate. The phase variation can be obtained by tuning the permeability of the substrate. However, when the phase is only inductively tuned, the equivalent characteristic impedance of the device is inevitably changed, which may cause impedance mismatch. Moreover, for most implementations utilizing ferromagnetic and ferrite materials, external biasing magnetic field is required for tuning, which may raise integration issues.
The methodology of integrating both ferromagnetic and ferroelectric materials to design fully electrical tunable microwave components was proposed in authors' previous work [11] , [12] , and step impedance transmission lines with permalloy (Py) thin film patterns on top of the signal lines were implemented and demonstrated. The inductive tunability is dependent on the effective static magnetic field generated by the applied dc current. However, the magnetic field on top surface of signal lines is not uniform due to the planar structure configuration, and only a very small part of magnetic field loop near the Py patterns can be effectively used for tuning, resulting in small inductive tunability.
In this paper, a new tunable inductor is implemented utilizing 3-D solenoid structure with specially designed magnetic core. A lumped element tunable phase shifter is constructed with the developed 3-D solenoid inductor and tunable metalinsulator-metal (MIM) capacitor. Compared with previous 0018-9480 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. work [11] , tuning efficiency of dc bias has been greatly improved due to confined magnetic field inside magnetic core of 3-D solenoids. Much less dc bias is required to achieve the same tunability, and better characteristic impedance retaining capability has been achieved. Moreover, the utilization of 3-D structure introduces significant size miniaturization. The proposed novel 3-D tunable solenoid inductor with a Py thin film enabled magnetic core is demonstrated in Section II. Py is utilized due to its good properties of high saturation magnetization, low coercivity, and low magnetostriction. The Py thin film is selectively patterned and the working frequency of the inductor has been improved to several GHz. Based on the implemented tunable inductor, Section III proposes a lumped element tunable phase shifter designed by integrating lead zirconate titanate (PZT) enabled MIM capacitors and the implemented 3-D solenoid. PZT is a kind of ferroelectric material with high and tunable permittivity. By integrating Py and PZT thin films, the tunable phase shifter obtains both inductive and capacitive tunability, and the dual tunability not only provides more flexibility for tuning, but also enables the device to retain the constant equivalent characteristic impedance while the phase is being tuned. The paper is concluded in Section IV.
II. Py ENABLED TUNABLE SOLENOID INDUCTOR

A. Design
In this paper, a solenoid inductor with six turns was designed and fabricated. Fig. 1(a) and (b) shows the schematic of implemented solenoid inductor and magnified partial view, respectively. The solenoid structure is utilized due to its capability of efficiently taking advantage of the magnetic core, and largely confining the magnetic flux to the coils. Py is used to construct the magnetic core of the solenoid inductor. However, due to the high conductivity of Py, it cannot be used directly, and a novel methodology is adopted to design the magnetic core. Two layers of Py thin films are exploited, with a thickness of 100 nm for each layer. The first layer of Py was deposited on top of the gold (Au) wires of bottom solenoid layer, while the second layer was configured beneath the Au wires of top solenoid layer, which is clearly shown in Fig. 1(b) . To separate the top and bottom layers of solenoid winding as well as the two Py thin film layers, a layer of silicon dioxide (SiO 2 ) is used as insulator. Therefore, the two layers of Py thin films and the SiO 2 insulator form the sandwichlike magnetic core of the solenoid inductor. The dimension of magnetic core is 190 × 170 μm, and the total area of the solenoid inductor is smaller than 0.05 mm 2 . To improve the FMR frequency, Py thin film is patterned as long bars with large aspect ratio to introduce the shape anisotropy [11] , and Py patterns are 50 μm long and 5 μm wide, with a thickness of 100 nm. In the RF range, the hard axis permeability of Py patterns is higher than that of easy axis, which is perpendicular to the hard axis. It is because the magnetic flux along the hard axis is governed by the rotational magnetization, and the amount of magnetic flux associated with the coil current can be effectively increased, resulting in significant improvement of inductance. In contrast, the magnetic domain movement is significant along the easy axis, resulting in large eddy current loss [13] . Therefore, to achieve more inductance enhancement, the orientation of Py patterns is intentionally parallel to the Au wires so that hard axis permeability can be excited when RF signal is provided. To analyze inductance enhancement and tunability caused by the integration of Py thin film, a regular solenoid inductor without Py thin film was fabricated for comparison. The regular solenoid inductor had the same dimension as the Py enabled tunable inductor and utilized the same SiO 2 as insulator.
B. Fabrication
The solenoid inductor was fabricated on the high resistivity (10 k · cm) silicon wafer utilizing surface micromachining techniques. The process is briefly shown in Fig. 2 . The bottom Au layer of solenoid winding was deposited with E-beam evaporation method and patterned with lift-off process. The thickness of the bottom Au layer was measured to be 300 nm. 100-nm thick Py thin film was then deposited on top of the bottom solenoid Au wires utilizing dc magnetron sputtering and was patterned as long bars using lift-off method. Then SiO 2 with a thickness of 800 nm was deposited with inductively coupled plasma chemical vapor deposition and was patterned with wet etching to form the insulator between top and bottom layer of solenoid winding. The dimension of SiO 2 insulation layer was carefully controlled so that the Py patterns were fully covered while the endings of bottom solenoid Au wires were exposed to connect with the solenoid top layer. Before the deposition of top Au layer, another 100 nm-thick Py was deposited and patterned with lift-off process. Afterwards, 1-μm-thick top Au layer was deposited and lift-off method was used for patterning to form the top layer of solenoid windings.
The thickness settings of Au layers of solenoid winding, Py thin film patterns, and SiO 2 insulation layer take the fabrication capability and limitations into consideration. The small thickness of Au solenoid winding, especially the bottom layer of solenoid winding, whose thickness is only 300 nm, causes deterioration of the quality factor and it will be shown in the next section.
C. Measurement Results and Discussions
The device properties of the two fabricated solenoid inductors with and without Py thin film were measured, respectively. On-wafer test was conducted utilizing GSG RF probes and R&S ZVA67 vector network analyzer was used to extract the scattering parameters of implemented solenoid inductors. A power source was used to provide different biasing dc current. RF signal and dc current were simultaneously provided through bias tees to the device-under-test (DUT). Fig. 3 shows the block diagram of measurement setup and the inset at lower right is the photo of DUT. Through-reflect-line calibration was utilized to de-embed the losses from connectors, bias tees, RF cables, and the parasitic effects of GSG pads of DUT.
The de-embedded S-parameters were then transformed to obtain Y -parameters, and the inductance and quality factor of solenoid inductors can be denoted as follows [14] : where ω and Y 11 represent the angular frequency and reflection Y -parameter at port 1, respectively. Fig. 4 shows the measured results regarding to the inductance and quality factor versus frequency under different dc currents. Table I summarizes the measurement results at 2 GHz. It is obvious that compared to regular solenoid inductor, Py thin film introduces significant inductance improvement, due to its high permeability. At 2 GHz, the inductance of regular solenoid inductor is 0.93 nH while the Py enabled solenoid inductor shows the inductance of 1.14 nH, which is 22.6% improvement. When different biasing dc currents are provided, the inductance of Py enabled solenoid inductor can be continuously tuned. At 2 GHz, when dc current is increased from 0 to 150 mA, the inductance is correspondingly decreased from 1.14 to 1.02 nH, which is 10.5% tunability.
The inductance tunability of Py enabled solenoid inductor is due to the permeability variation of Py thin film under dc biasing condition. When dc current is provided to the solenoid inductor, a static magnetic field with highly uniform intensity and direction is generated, and is confined to the interior of the solenoid. The direction of the static magnetic field is along the long axis of solenoid and is parallel to the hard axis of Py patterns. The static magnetic field causes the rotational movement of magnetization and tilts the magnetization away from its easy axis toward the hard axis, resulting in the reduction of the effective permeability.
Compared with conventional solenoid inductors utilizing solid ferromagnetic materials as magnetic core, selectively patterning Py thin film effectively increases the FMR frequency and the working frequency of Py enabled solenoid is significantly improved. It is shown in Fig. 4(a) that the operation frequency of tunable solenoid inductor is up to 3.2 GHz with significant inductance enhancement and tunability. The roll-off of inductance mainly attributes to the rapid increasing of eddy current loss inside the Py thin film along with the frequency.
The quality factor measurement results in Fig. 4 (b) and Table I show that integrating Py thin films causes slight quality factor deterioration. Compared with regular solenoid inductor, Py enabled solenoid inductor reduces the Q factor from 0.96 to 0.8. The extra eddy current loss introduced by Py thin film contributes to the decrease of Q factor. Moreover, as the working frequency is increased, the Q factor difference between regular solenoid inductor and Py enabled solenoid inductor becomes larger, due to the more rapid increase of eddy current inside the Py thin film. To evaluate the amount of loss introduced by integrating Py thin film, the measured insertion loss of solenoid inductors with and without Py is depicted in Fig. 5 . It is clearly shown that extra 0.4-dB loss is introduced by Py thin film at 2 GHz.
Laminating thinner layers of Py thin films separated with high quality dielectrics can effectively reduce the induced eddy current loss. Since the thickness of each Py thin film is greatly reduced, its resistance is significantly increased, resulting in the decrease of induced eddy current and the correspondent loss. Moreover, utilizing lamination structure can effectively increase the effective permeability and improve the inductive tunability. To prove the concept and validate the efficacy of using lamination structure to improve the performance, qualitative magnetic simulation is conducted with Object Oriented Micromagnetic Framework [15] utilizing the simulation method proposed in [16] . The magnetic susceptibility of two Py bars are characterized and compared. One of the bars has single Py thin film layer with the thickness of 200 nm and the other one is composed of two laminated Py layers, with each layer being 100 nm thick, so that the total thickness of ferromagnetic layer of two bars is identical. The two laminated Py layers are separated by a layer of 50-nm-thick dielectric material. The dimensions of the two bars are both 10 × 1 μm. Biasing magnetic field is applied along the short edge of the Py bars, which is parallel to the hard axis of the pattern, to tune the susceptibility. Fig. 6 shows the simulation results regarding to the magnetic susceptibility of single layer and lamination structure. Apparently lamination structure shows larger susceptibility than single layer structure, seen in the inset of Fig. 6 . When biasing magnetic field is provided, the susceptibility of both structures is reduced, and lamination structure introduces more variation. The improvement of susceptibility and inductive tunability introduced by lamination is mainly due to the suppression of strip/vortex domains, which can cause the deterioration of permeability of magnetic thin films [17] . The domain structure and mechanism will be further explored.
The small Q factor and relatively high insertion loss mainly attribute to the small thickness of Au wires of solenoid winding as mentioned before. To increase the Q factor, fabrication process needs to be optimized such that thicker Au can be deposited.
The Joule heating effect should be considered in case of applying dc current to the solenoid inductor for tuning. When dc current is provided, the temperature of the device is increased due to the existence of dc resistance. The thermal energy can cause such effects as enhanced magnetization rotation, domain reconfiguration, and domain wall depinning, and can contribute to tilt the magnetization orientation away from easy axis to the hard axis [18] , resulting in the variation of permeability. The temperature increment can be estimated by the variation of dc resistance. When dc current is provided from the power supply, the dc voltage between the two ports of the device is measured automatically and the dc resistance can then be obtained by calculation. In the measurement, the maximum dc current of 150 mA and a small current of 1 mA are applied, respectively, and the variation of dc resistance is about 0.5 . The corresponding temperature increment of T = 25°C can be estimated from [18] , where R and R 0 are the final dc resistance and initial dc resistance of the device, respectively; T and T 0 are the final temperature and initial temperature of the device, respectively. β is the resistivity temperature coefficient of Au and the value is 3.4 × 10 −3 /°C. The saturation magnetization variation can be estimated from Bloch's T 3/2 law [19] :
, where A is a material dependent coefficient. According to the calculation, the decrease of saturation magnetization is less than 1%. Due to the negligible variation of saturation magnetization, the inductive tunability can be mainly attributed to the biasing static magnetic field generated by the applied dc current rather than the thermal effect.
III. Py AND PZT ENABLED TUNABLE PHASE SHIFTER
The previous section demonstrates the methodology utilizing patterned Py thin film to construct magnetic core and implementing an electrically tunable solenoid inductor. In this section, the achieved Py enabled tunable solenoid inductors and PZT enabled tunable MIM capacitors are employed to construct a fully electrically lumped element tunable phase shifter. The implemented tunable phase shifter has both inductive and capacitive tunability with fully electrical tuning method, which is dc current and/or dc voltage. Fig. 7 shows the schematic of achieved tunable phase shifter, illustrating the circuit topology composed of lumped elements inductor and capacitor. Three tunable solenoid inductors demonstrated in the previous section are used to construct the tunable phase shifter and two pairs of PZT enabled tunable MIM capacitors are in shunt connection with the tunable inductors. The lumped elements equivalent circuit of the tunable phase shifter is shown in Fig. 8 .
A. Theory and Design
The ABC D matrix for the lumped elements equivalent circuit, normalized to the characteristic impedance Z 0 , can be given as [20] 
where
and
where L is the inductance of tunable solenoid inductor implemented in the previous section, which is shown in Fig. 3 . C is the capacitance of PZT enabled tunable MIM capacitor, and can be calculated by
where A is the area of MIM capacitor and d is the distance between top and bottom plates, equivalent to the thickness of the PZT thin film. ε 0 is the permittivity of free space and ε r is the relative permittivity of PZT thin film. The transmission term S 21 of S-parameters is calculated as
and the transmission phase is denoted by
The inductance L can be directly obtained from the measurement data shown in Fig. 4(a) . To obtain the relative permittivity (ε r ) profile of PZT thin film, a standalone PZT enabled MIM capacitor is fabricated and the relative permittivity is extracted from the measurement data by converting the S-parameters to Y -parameters and then calculating the capacitance. Fig. 9 shows the SEM photo of the fabricated PZT enabled MIM capacitor and the relative permittivity of PZT thin film. The obtained relative permittivity of PZT can be utilized to design tunable MIM capacitor with different dimension. The phase of the phase shifter can be varied by tuning the inductors and capacitors. The topology and working principle of Py enabled tunable solenoid inductor have been demonstrated in the previous section. For the tunable MIM capacitor design, PZT thin film is used as insulator and is inserted between top and bottom electrodes to form parallel plate capacitor, which can be seen in Fig. 7 . The bottom electrode is connected to ground and top electrode is in connection with the solenoid inductor, and the capacitance is determined by the overlapping area of top and bottom plates. When the dc voltage is applied between the two electrodes, the induced electrical field can change the permittivity of PZT thin film and the capacitance can be tuned accordingly.
B. Fabrication
The process of tunable phase shifter starts with fabricating bottom electrode and PZT thin film of MIM capacitor. The bottom electrode is formed with a Pt/Ti bilayer, which has been widely used with improved adhesion for PZT film [21] . Pt is selected mainly due to its good stability in high temperature and oxidizing environments, which is crucially required during the crystallization process of PZT. Ti is used to promote the adhesion between Pt and substrate. 10-nm thick Ti and 100-nm Pt were first deposited and patterned employing e-beam evaporation and lift-off methods, respectively. PZT precursor was prepared with sol-gel method [11] , and was spin-coated on the substrate. The thickness of PZT was controlled to be 200 nm. Afterwards, PZT thin film was crystallized at 650°C in the oxygen atmosphere for 30 min, and wet etching method was used to pattern the PZT thin film. After the completion of bottom electrode and PZT thin film, the fabrication of Py enabled solenoid inductor begins and the procedure is shown in Fig. 2 . The top electrode of PZT enabled MIM capacitor was finished together with the top Au layer of solenoid inductor by depositing 1-μm thick Au and patterning with lift-off method.
C. Results and Discussions
The fabricated tunable phase shifter was measured with similar configuration to test Py enabled tunable solenoid inductor demonstrated before. In addition to a power source to provide dc current for tuning the inductance of solenoid inductor, another power source was exploited to apply dc voltage for tuning the capacitance of MIM capacitor. Phase shift comparison among measurement, simulation, and theoretical calculation without dc bias. To validate the efficacy of design theory and lumpedelement equivalent model of the proposed phase shifter, simulation is conducted with Agilent ADS software and theoretical calculation is performed with (3)- (11) . According to Fig. 4(a) , the inductance (L) of the tunable solenoid inductor is 1.12 nH. The area ( A) of the PZT enabled MIM capacitor is 25 μm 2 (5 × 5 μm), and the thickness of PZT thin film (d) is 200 nm. The relative permittivity of PZT thin film can be directly obtained in Fig. 9(b) . The parameters demonstrated above are imported to the simulation and the theoretical calculation, and the results are compared with measurement data. Fig. 10 shows the comparison between simulation, calculation, and measurement results regarding to the phase shift of the device without dc bias, and a good agreement is reached. Fig. 11 shows the measurement results regarding to phase shift of fabricated tunable phase shifter at different frequency and dc biasing conditions. Continuous phase variation is achieved by providing different dc biasing conditions. dc current and dc voltage can be applied independently or simultaneously to conduct the tuning. Table II summarizes the measurement data at 2 GHz with maximum dc current and/or dc voltage. The phase shift of the phase shifter at 2 GHz is 59.2°without any dc bias. When 150-mA dc current is provided between the two ports of the phase shifter, the phase is changed to 53.8°, which is equivalent to 9.1% tunability. The phase variation is caused by the inductance reduction of solenoid inductors when dc current is provided, which is inductive tunability. The phase of the phase shifter is tuned from 59.2°to 48.8°when dc voltage is applied between the input port and ground, and the tunability is 17.6%. The applied dc voltage generates electrical field between the two electrodes of MIM capacitors and tunes the permittivity of PZT thin film, resulting in the variation of the phase of the device, which is capacitive tunability. When 150-mA dc current and 6-V dc voltage are simultaneously provided, both inductive and capacitive tunability are achieved and the phase is changed from 59.2°to 43.8°, which is equal to 26.9% tunability. Considering the length of the phase shifter is 730 μm, the length normalized tunability is 210°/cm. The inductive and capacitive tunability enable the phase shifter with dual-tuning capability and significantly improve the tuning range and flexibility. Moreover, the tuning can be performed by fully electrical tuning methods with dc current and dc voltage.
In addition, the dual tunability enables the capability to retain the characteristic impedance when phase is being tuned. According to the basic transmission line theory, the characteristic impedance of transmission line is denoted with highfrequency low-loss approximation as [22] 
where R, L, G, and C represent unit length parameters of series resistance, series inductance, shunt conductance, and shunt capacitance, respectively. Similarly, the electrical length can be described as
where ω is the angular frequency and l is the physical length of the transmission line. According to (12) and (13), varying L and C with the same ratio can tune the electrical length of transmission line and keep the characteristic impedance the same. Regarding the tunable phase shifter as an equivalent transmission line, the characteristic impedance can be extracted based on the measured S-parameters, adopting the method proposed in [23] . By carefully providing different dc current and dc voltage combinations, inductors and capacitors of the phase shifter can be tuned with the same ratio to maintain the characteristic impedance while the phase shift is varied. Fig. 12 shows the measurement results at 2 GHz regarding to the characteristic impedance and phase shift of the tunable device under different dc bias combinations. By carefully selecting dc current and dc voltage, the phase is tuned from 59.2°to 51°while the variations of characteristic impedance is within 1 ohm, which effectively proves the concept and validates the efficacy of dual tunability to maintain the same impedance. In addition to the phase shift tunability, the loss of phase shifter is also investigated. Fig. 13 depicts the measured results of insertion loss and the tunable shifter shows around 5-dB loss. According to the measured results of previous section, the insertion loss of a tunable solenoid inductor at 2 GHz is about 1.4 dB. Since the tunable phase shifter is composed of 3 inductors, the conclusion can be drawn that the relatively large insertion loss of phase shifter is primarily from the tunable solenoid inductor, which is mainly due to the small thickness of Au and integration of Py thin film. The performance of the phase shifter can be denoted by the figureof-merit (FOM) of degree per unit loss. Considering the phase shift of 59.2°and 5-dB loss at 2 GHz, the calculated FOM is 11.84°/dB. Table III summarizes the length normalized phase tunability, FOM and biasing conditions for tuning of the state-of-art literature. Significantly higher length normalized phase tunability is achieved due to the compact lumped elements structure composed of thin films enabled tunable solenoid inductors and MIM capacitors, and the capability of dual tunability. Tuning of the phase is realized by fully electrical methods with dc current and dc voltage, and no external biasing magnetic field is required, which avoids the integration issue. 
IV. CONCLUSION
A 3-D electrically tunable solenoid inductor enabled by Py thin film has been proposed and fabricated. The fabrication process employing surface micro-machining technique is introduced in detail. Special configuration of magnetic core is utilized, and with selectively patterning of Py thin film, the implemented solenoid inductor is able to work in GHz range. The inductance of the solenoid inductor can be electrically tuned by dc current contributed by the tunable permeability of Py, and given 150-mA dc current, the inductance can be varied over 10%. The proposed Py enabled tunable solenoid inductor is utilized to construct tunable lumped elements phase shifter together with PZT enabled MIM capacitor. The proposed tunable phase shifter has both inductive and capacitive tunability, and the capability of dual tunability significantly improves the phase tuning range and design flexibility. The tuning is conducted by fully electrical methods, and the maximum length normalized phase variation has reached to 210°/cm at 2 GHz when 150-mA dc current and 6-V dc voltage are provided. Moreover, the dual tunability introduces the advantage of impedance retaining. With tunable phase shift, the equivalent characteristic impedance of the phase shifter can be kept almost constant by providing selectively dc biasing conditions. Compared with previous work, due to the novel combined utilization of tunable 3-D solenoid inductor and tunable MIM capacitor, the required dc bias is significantly reduced while the electrical tunability is greatly improved. The larger dual tunability compared with previous work also noticeably enables the impedance retaining capability. The proposed tunable components and design methodology can be widely exploited to design arbitrary tunable microwave components, such as tunable bandpass and bandstop filters. The dual tunability and impedance retaining capability is especially useful in designing LC impedance matching network.
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